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Biomedical materials made of cobalt-chromium-molybdenum (CoCrMo) alloys are 
commonly used in artificial prostheses and dental implants, which are exposed to 
friction and load. The release of Co, Cr, and Mo from these surfaces is governed by 
physical and chemical processes. The extent of measured metal release from biomedical 
CoCrMo alloys into mixed protein solutions may be influenced by protein aggregation 
and metal precipitation effects. Metal release from, and the surface composition of, a 
CoCrMo alloy was investigated in physiological relevant solutions (phosphate buffered 
saline, PBS, with varying concentrations of fibrinogen from bovine plasma and/or 
bovine serum albumin) at pH 7.3 in static and sliding conditions for time periods 
between 1 and 24 hours. Cr was strongly enriched in the surface oxide of CoCrMo in 
all solutions, which corresponded to metal release dominated by Co. PBS and the 
proteins could induce significant precipitation of metals and protein aggregates, which 
resulted in strongly underestimated released amounts of Co and Cr, but not Mo, 
especially under sliding conditions. Protein aggregates were found to precipitate on the 
surface of CoCrMo under static conditions. The friction coefficient was greater in PBS 
containing physiologically relevant concentrations of fibrinogen as compared to PBS 
alone. 
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Biomedical materials made of cobalt-chromium (28 wt%)-molybdenum (6 wt%) 
(CoCrMo) alloys are commonly used in artificial prostheses and dental implants for 
surfaces that are exposed to friction and load [1, 2]. CoCrMo alloys possess both a high 
corrosion resistance and excellent wear resistance [2] making them relatively high-
resistant to tribocorrosion processes, which involve both mechanical, electrochemical, 
and in some cases other chemical processes, often in a synergistic way [2-5]. 
The release of CoII and CrIII ions and complexes, or wear nanoparticles, from CoCrMo 
surfaces into protein-rich physiological environments can result in protein binding [6-
9], protein aggregation [10, 11], and adverse health effects [12] such as allergic 
reactions [13] and neurodegenerative diseases [14-16]. 
The interface between CoCrMo and softer materials such as ultra-high molecular-
weight polyethylene (UHMWPE), the common interface in so-called metal-on-polymer 
(MOP) hip joint prostheses, is challenging to understand in the presence of proteins, as 
these can induce lubricating effects [17, 18], aggregate due to metal release [10], and 
induce dominating chemical release mechanisms that are difficult to investigate [4, 19]. 
A physiological environment consists not only of one type of protein. The presence of 
several types of proteins can influence the adsorption, surface protein exchange rate, 
and hence lubricating properties and chemically induced release mechanisms. The 
Vroman effect describes the substitution of surface-adsorbed proteins by proteins with 
a higher surface affinity, which are often larger in size [20]. This exchange can be very 
rapid (seconds to minutes) [21]. The metal released from stainless steels of grades AISI 
316L and 303 was found to be influenced by the Vroman effect [22]. A corresponding 
study on CoCrMo alloy has not been published yet. 
Under shear conditions, protein aggregates can also be formed mechanically [23, 24]. 
Further, it has been shown that released molybdate ions from CoCrMo alloys can 
change the structure of the adsorbed protein film by cross-linking proteins, forming a 
gel-like structure [25, 26]. 
This study aimed at investigating the effect of different proteins (albumin and 
fibrinogen) on metal release from CoCrMo in static and sliding conditions. 
2. MATERIALS AND METHODS 
2.1. Materials 
Specimens used in metal release studies were biomedical grade cobalt-chromium (28 
wt%)-molybdenum (6 wt%) (CoCrMo) alloy disks of 22 mm in diameter and 2 mm in 
thickness (a total surface are of 9.0 cm2), supplied by Ionbond, Switzerland, and 
certified by Aubert & Duval, France. They were produced by means of vacuum 
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induction melting followed by electroslag remelting and warm working. The materials 
conformed to ASTM F1537 Alloy 1. For specimens used in the wear test, the CoCrMo 
disks were 21.9 mm in diameter and 5 mm in thickness (ASTM F1537-11), supplied by 
the same supplier and of similar manufacturing and composition. 
2.2. Metal release investigations in static conditions (without friction) 
Prior to metal release tests, all disks were grinded by 1200 grit SiC paper with water, 
and ultrasonically cleaned in acetone and isopropyl alcohol for 7 min, subsequently. 
After that, the cleaned disks were dried with nitrogen gas at room temperature and 
stored in a desiccator at room temperature for 24 hours to form a well-defined passive 
film on the surface prior to exposure. During exposure, the ratio of the specimen surface 
area to solution volume was approximately 1 cm2/mL (0.9 cm² surface area in 9 mL 
solution) and exactly measured for each specimen. Exposure was conducted in closed 
and acid-cleaned polyethylene vessels and the specimens were completely immersed in 
the solution. For all tested conditions (solutions and time points), one blank sample 
without any specimen and triplicate samples (with individual specimens exposed in 
similar conditions) were exposed. Phosphate buffered saline (PBS), adjusted with 50% 
ultrapure NaOH to pH 7.3±0.1, containing 8.77 g/L NaCl, 1.28 g/L Na2HPO4, and 1.36 
g/L KH2PO4 (all analytical grade), PBS with 2.67 or 10 g/L fibrinogen from bovine 
plasma (Fbn, Sigma Aldrich F8630, Sweden) and/or 40 g/L bovine serum albumin 
(BSA, Sigma Aldrich A7906, Sweden) were prepared in ultrapure water (resistivity of 
18.2 MΩcm, Millipore, Sweden). All exposures were conducted in a Stuart platform-
rocker incubator at 37±0.5 °C in dark conditions and agitated bi-linearly at 12° 
inclination and 22 cycles/min. Independent CoCrMo disks were exposed in five 
different single solutions for 4 and 24 h, compiled in Table 1. Sequential tests, in which 
half of the solution was exchanged after 5 h, are further schematically illustrated in Fig. 
1. The two subsequent solutions are specified in Table 2 and the solution sampling was 
conducted after 1, 4, 6, and 24 h for each exposure vessel. After exposure, CoCrMo 
disks were separated from solutions, rinsed by ultrapure water, and dried by nitrogen 
gas. They were then stored in a desiccator (<10% relative humidity) before examination 
by means of light optical microscopy (LOM), scanning electron microscopy (SEM), 
energy dispersive X-ray spectroscopy (EDS) and X-ray photoelectron spectroscopy 
(XPS). 
Table 1. Single solution exposures and durations (without friction). 
Media Duration 
PBS, pH 7.2-7.4 4 h, 24 h 
PBS+Fbn (10g/L), pH 7.2-7.4 4 h, 24 h 
PBS+BSA (10g/L), pH 7.2-7.4 4 h, 24 h 
PBS+Fbn (10g/L)+BSA (10g/L), pH 7.2-7.4 4 h, 24 h 
PBS+Fbn (2.67g/L)+BSA (40g/L), pH 7.2-7.4 4 h, 24 h 
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The solution samples were acidified to a pH<2 with 65% ultrapure HNO3 and stored 
frozen at -25 ºC. All vessels were acid-cleaned in 10 % HNO3 for at least 24 h, washed 
4 times by ultrapure water, and dried in ambient conditions. 
 
Table 2. Sequential solution exposures (all sampled after 1, 4, 6, 24 h). The volumes 
shown are for tests without friction (static conditions). They were 45 mL (first solution) 
and 20 mL (second solution) in the case of the tests with friction (sliding conditions). 
First solution (10 mL) Second solution (5 mL) 
PBS, pH 7.2-7.4 PBS, pH 7.2-7.4 
PBS+BSA (40 g/L), pH 7.2-7.4 PBS+BSA (40 g/L), pH 7.2-7.4 
PBS+Fibrinogen (2.67 g/L), pH 7.2-7.4 PBS+Fibrinogen (2.67 g/L), pH 7.2-7.4 
PBS+BSA (40 g/L), pH 7.2-7.4 PBS+Fibrinogen (5.34 g/L), pH 7.2-7.4 
 
 
Figure 1. Illustration of the non-sequential test procedure, and the sequential test 
procedure, for metal release testing in static conditions (without friction). Conditions: 
37 °C, bilinear agitation (22 cycles/minute, 12°), darkness.  
 
2.3. Metal release investigations under sliding conditions 
Tests of CoCrMo disks under friction (sliding conditions) were performed in the form 
of a multidirectional test against a flat ultra-high molecular weight polyethylene 
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(UHMWPE) pin (GUR® 1020) of 1.905 cm length and 0.9525±0.005 cm diameter, 
illustrated in Fig. 2. The applied load was set to 150 N, the frequency to 2 Hz and the 
stroke length to 7 mm on each sample. The contact pressure was 2.1 MPa, which is 
comparable to the 9 MPa in a CoCrMo-UHMWPE hip joint [27] and 150-fold higher 
than the contact pressure, for which an increase in friction coefficient was detected in 
the presence of metal-induced protein aggregates [28]. The test was run for 172,800 
cycles (24 h). The CoCrMo disks were exposed to the sequential solutions specified in 
Table 2, with a total volume of 45 mL (first solution) and 20 mL (second solution). The 
specimens were completely immersed throughout the test. Four parallel measurements 
were conducted on a blank sample (without CoCrMo disk) and triplicate samples in a 
heated stainless steel holder and plastic container (PMMA) at 37±3 ºC. This procedure 
was conducted four times for all four sequential solution in the same order as in Table 
2 (starting with PBS). Prior to the first measurement and in between each measurement, 
the sample holders were cleaned with a liquid ultrasonic cleaning detergent for 10 
minutes in an ultrasonic bath, then rinsed in deionized water three times for 3 minutes 
in an ultrasonic bath, then soaked in 95% methyl alcohol for 5 minutes and finally dried 
with nitrogen gas. The friction coefficient was monitored throughout the exposure, and 
solution samples were taken after 1, 4, 6, and 24 h (10 mL). The solution samples were 
further centrifuged using an Eppendorf centrifuge 5702 (3,000 relative centrifugal force 
for 10 min) and separated into supernatant (5 mL, denoted “top” in the following) and 
the remaining solution (5 mL, denoted “bottom” in the following). All solution samples 
were acidified to a pH<2 with 65% ultrapure HNO3 and stored frozen at -25 ºC. 
 
Figure 2. Schematic illustration of the pin movement on the CoCrMo disk set-up for 





Prior to trace metal analysis, the solution samples were digested to avoid the formation 
of hydrogels in the protein-rich solution samples and a potential loss of analyte. After 
unfreezing, 2 mL of single solution samples (Table 1) or 2.5 mL of sequential solution 
samples (Table 2) and the top or bottom solution samples of the tests in sliding 
conditions were diluted with ultrapure water and at least 0.5 mL 30% ultrapure 
hydrogen peroxide to a total volume of approximately 10 mL. The samples were then 
digested using an UV digester (Metrohm 705 UV digester) at a temperature between 90 
and 95 ºC for several hours until the solutions were transparent and odorless. The final 
volume was recorded, and the dilution factor (DF) for each solution sample was 
calculated based on the recorded volume divided by the initial volume of the added 
sample solution. The measured concentration of each solution sample was then 
multiplied by the individual sample DF and further treated as described in the next 
section. 
2.5. Atomic absorption spectroscopy (AAS) 
The amounts of Co, Cr and Mo in the solution samples were analyzed by means of 
graphite furnace atomic absorption spectroscopy, GF-AAS (Perkin Elmer AA800 
analyst). Quality control samples of known concentrations were analyzed every fifth 
sample (after four regular solution samples). The calibration was based on one blank 
sample (1% ultrapure HNO3) and at least three Co, Cr, or Mo containing standards 
covering the sample concentration range. If the sample concentrations were higher than 
the calibration range, the samples were diluted and reanalyzed. Triplicate readings were 
performed for each solution sample. The limits of detection (based on three times the 
highest standard deviation of the blank values) were 1.7 µg/L Co, 1.2 µg/L Cr, and 0.9 
µg/L Mo. The blank values were negligible (close to or below limits of detection) in 
the case of the tests in static conditions. 
For metal release estimations from the tests in static conditions, the released metal 
amount per exposed specimen surface area (µg/cm²) was determined by averaging the 
concentrations of the triplicate samples, subtracting the blank sample concentrations 
from that, multiplying the value with the solution volume, and dividing the value by the 
specimen surface area. The solution volume was 10 mL for the single solution 
measurements (Table 1), and 10 mL for 1 h, 7.5 mL for 4 h, 10 mL for 6 h, and 7.5 mL 
for 24 h time points in the sequential tests (Table 2). 
For the tests in sliding conditions, a significant amount of Co, Cr, and Mo was detected 
in the blank sample solutions due to the stainless steel holders in the test-setup, further 
described and discussed in the result and discussion sections. Therefore, these solutions 
were treated as samples and are denoted control in the following. The released amount 
of Co, Cr and Mo was calculated by multiplying the concentration value with the 
solution volume, and dividing the value by the surface area. The surface area was 
9 
 
estimated to 50.98 cm² for the control samples (based on the stainless steel sample 
holder surface area in contact with the solution) and equally to 50.98 cm² for the 
CoCrMo disk specimens in the wear test (considering the contribution from the sample 
holder). The solution volume in the wear tests was 45 mL, 35 mL, 45 mL, and 35 mL, 
for 1, 4, 6, and 24 h time points, respectively. 
2.6. X-ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS, Ultra DLD spectrometer, Kratos Analytical, 
Manchester, UK) was used to analyze the surface composition of the CoCrMo disks 
after exposure in static conditions (selected specimens). All measurements were 
performed on two separate surface areas of each disk, sized approximately 300×700 
µm by using a monochromatic Al Kα X-ray source (150W). The information depth was 
equal to, or less than, 10 nm. The measurements were based on the CoCrMo disks, 
which were exposed in static conditions to the four sequential solutions (Table 2) and 
on one non-exposed (only grinded, cleaned, and air-exposed) CoCrMo disk for 
reference. The pass energy used for detailed spectra was 20 eV, generated for Co 2p, Cr 
2p, O 1s, N 1s, C 1s and Mo 3d. The C 1s binding energy at 285.0 eV was used as 
binding energy reference. 
2.7. Statistical calculations 
In order to identify the statistical significance of any differences among conditions, a 
student’s t-test of unpaired data with unequal variance was used in the software 
KaleidaGraph 4.0 for independent samples. The student’s t-test of paired data was used 
for dependent samples (same CoCrMo disk but different time points). A p-value below 
0.05 was considered as a statistically significant difference. 
3. RESULTS AND DISCUSSION 
3.1. Non-sequential release of metals in static conditions 
The total amount of Co, Cr and Mo in solution samples after contact with the CoCrMo 
disks for 4 h and 24 h in PBS, PBS+10 g/L Fbn, PBS+10 g/L BSA, PBS+10 g/L 
BSA+10 g/L Fbn and PBS+40 g/L BSA+2.67 g/L Fbn are presented in Fig. 3. The 
released and non-precipitated amounts of Co, Cr and Mo increased in all cases with 
time, except for PBS+40 g/L BSA+2.67 g/L Fbn (not significant p=0.37). Although the 
reduction in concentration of Co between the 4 h and 24 h in the solution PBS+40 g/L 
BSA+2.67 g/L Fbn was not statistically significant, there was a descending tendency. 
This may be caused by metal-protein complexation and concomitant agglomeration [6, 
29], which can result in precipitation of metals from solution. Compared with PBS, 
there was no statistically significant change for the released amounts of Co in the 
presence of albumin or fibrinogen after 4 and 24 h. According to previous results [30, 
31], BSA would accelerate the corrosion of CoCrMo alloy in PBS solution. However, 
there was no detected increase in metal release in static conditions in this study. On the 
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contrary, there was a significant decrease of released amount of Mo in the presence of 
albumin after 4 h. This phenomenon may be caused by precipitation of metals from 
solution. Clark and Williams [32] investigated the effects of proteins on metal corrosion. 
 
Figure 3. Released and non-precipitated amounts (μg/cm2) of Co, Cr and Mo in solution 
from CoCrMo disks exposed to PBS, PBS+BSA (10g/L), PBS+Fbn (10g/L), PBS+Fbn 
(10g/L)+BSA(10g/L) or PBS+Fbn (2.67g/L)+BSA (40g/L) at pH 7.2-7.4 after 4 h and 
24 h at 37 °C. Significant differences are indicated by asterisks: * p<0.05, **p<0.01; 
n=3. 
They showed that both BSA and Fbn could accelerate the dissolution of Co and Cr from 
pure cobalt and chromium metal powders compared with saline alone, while the 
opposite (inhibited dissolution) was the case for Mo powder, which dissolved at a 
significantly higher rate than the Co and Cr powder. As discussed further below, this 
different influence of proteins on Co, Cr, and Mo release (and precipitation) might be 
explained by the fact that Cr and Co are binding to proteins, while Mo (which is released 
as negatively charged molybdate ion) is most probably not binding to proteins. In static 
conditions, the measured amounts of metals in solution were relatively similar in all 
these different solutions. These findings are different compared with findings for the 





3.2. Sequential release of metals in static conditions 
The released and non-precipitated amounts of Co, Cr and Mo in four sequential 
solutions are shown in Fig. 4. The released amount of Co (Fig. 4a), Cr (Fig. 4b) and Mo 
(Fig. 4c) in the first sequential solution, which was PBS followed by PBS (“PBS, PBS”), 






Figure 4. Released and non-precipitated amounts of Co (a), Cr (b) and Mo (c) in 
solution from disks of a CoCrMo alloy exposed to four sequential solutions (pH 7.2-
7.4); PBS followed by PBS (PBS, PBS), PBS+ 40 g/L BSA followed by PBS+40 g/L 
BSA (BSA, BSA), PBS+2.67 g/L Fbn followed by PBS+2.67 g/L Fbn (Fbn, Fbn), and 
PBS+ 40 g/L BSA followed by 2.67 g/L Fbn (BSA, Fbn); exposed at 37 °C and sampled 
after 1, 4, 6 and 24 h. The second solution was added after 5 h. The error bars show the 
standard deviation of independent triplicate disks. 
 
The released amount of Co, Cr and Mo was almost similar in the three protein-
containing sequential solutions (“BSA, BSA”, “Fbn, Fbn” and “BSA, Fbn”). The 
concentration of Co in solution increased with time only in the “PBS, PBS” sequence, 
but not for the protein-containing solutions, Fig. 4a. This phenomenon could either 
indicate that there is a protective (hindering) effect of the proteins or that released 
metals are preferentially bound to proteins that precipitate from solution or cover the 
surface of the CoCrMo disk. This effect is also most probably influenced by the 
experimental set-up (Fig. 1), since all solution samples were pipetted from the top of 
the tubes, as in a previous study on stainless steel [22]. Protein aggregates were 
obviously visible on the CoCrMo surfaces, which have been immersed in the Fbn-
containing solutions, Fig. 5.  
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Figure 5. Representative LOM (left) and SEM (right) micrographs of a CoCrMo disk, 
which was exposed to PBS with Fbn (10 g/L) for 24 h in static conditions. 
The composition of these aggregates was confirmed as protein-originating (nitrogen, 
carbon, oxygen, and solution components, no main alloying elements) by energy 
dispersive X-ray spectroscopy, Table 3. 
 
Table 3. EDS results of CoCrMo disks exposed to PBS with 10 g/L Fbn for 24 h, with 
a spot focus on the protein aggregates. 
 C (wt%) N (wt%) O (wt%) Na (wt%) P (wt%) Cl (wt%) 
CoCrMo 32 6.2 5.6 27 1.5 29 
 
3.3. Surface characterization after sequential exposures in static conditions 
The investigated outermost surface of CoCrMo revealed oxidized (deriving from oxides, 
hydroxides or oxyhydroxides) metal peaks in addition to common peaks deriving from 
adventitious carbon (contamination from the air). The relative metal composition 
(based on the mass of oxidized metals) of the outermost (≤10 nm) surface (hydr)oxide 
of CoCrMo disks after grinding (1200 grit SiC paper) and after exposure to the four 
sequential solutions for 24 h in static conditions is shown in Fig. 6, with binding 




Figure 6. Relative metal content in the outermost surface oxide of the CoCrMo alloy 
being abraded (as non-exposed reference) and exposed to four sequential solutions (pH 
7.2-7.4); PBS followed by PBS (PBS, PBS), PBS+ 40 g/L BSA followed by PBS+40 
g/L BSA (BSA, BSA), PBS+2.67 g/L Fbn followed by PBS+2.67 g/L Fbn (Fbn, Fbn), 
and PBS+ 40 g/L BSA followed by 2.67 g/L Fbn (BSA, Fbn); exposed at 37 °C for 24 
h; studies by means of X-ray photoelectron spectroscopy; statistically significant 





Table 4. Observed binding energies and assignments of Co, Cr, Mo, N, C and O of the 
outermost surface of CoCrMo disks based on X-ray photoelectron spectroscopy (XPS) 
measurements [44, 45]. 
Sample Binding energya (eV) Assignment 
Co 2p3/2 778.8±0.16 Co metal 
782.3±2.3 Oxidized Co 
Cr 2p3/2 574.6±0.16 Cr metal 
577.7±0.8 Cr(III) 
Mo 3d 228.2±0.2, 231.3±0.2 Mo metal 
232.6±0.3, 235.8±0.1 MoO3 
N 1s 394.4±0.07(only detected if 
no BSA present) 
Metal nitride 
399.5±0.9 Amine/amide species 
C 1s 285.0 C-C, C-H bonds 
286.7±0.2 C-N, C-O bonds 
288.5±0.3 C=C-O, O=C-N bonds 
O 1s 530.7±0.3 Lattice oxide 
531.8±0.3 Hydroxide, hydrated, or 
defective oxide 
533.2±0.3 Water, organic oxide 
aall binding energies normalized to C 1s at 285.0 eV 
The surface (hydr)oxide was composed of oxidized cobalt (Co 2p3/2 at 782.3±2.3 eV), 
Cr (Cr 2p3/2 at 577.7±0.8 eV corresponding to CrIII) and Mo (Mo 3d at 232.6±0.3 and 
235.8±0.1 eV corresponding to MoO3). All exposed CoCrMo surfaces showed an 
enrichment of Cr, a reduced amount of Co, and an increased amount of Mo in the 
surface (hydr)oxide. Compared with the non-exposed CoCrMo reference, there was an 
enrichment of Cr (p<0.05) in the surface (hydr)oxide exposed to “PBS, PBS”. It is in 
agreement with previous findings [33, 34] that the (hydr)oxide film is mainly composed 
of Cr2O3 and that Mo and Co oxides contribute less. There was no significant difference 
among the specimens exposed in the four different sequential solutions. Note that 
phosphorus wasn’t investigated in this study, but is likely to be incorporated as 
phosphate in the surface (hydr)oxide after exposure to PBS [35]. 
3.4. Sequential release of metals under sliding conditions 
Fig. 7 shows released and non-precipitated amounts of Co (Fig. 7a), Cr (Fig. 7b) and 
Mo (Fig. 7c) under sliding conditions compared with control samples, for which the 
released metals derive from the specimen holders and not the specimens. Fig. 7 further 






Figure 7. Released and non-precipitated amounts of Co (a), Cr (b) and Mo (b) in 
solution from disks of CoCrMo alloy exposed to four solutions under sliding (slide) and 
non-sliding (non-slide) conditions (pH 7.2-7.4); PBS followed by PBS (PBS, PBS), 
PBS+40 g/L BSA followed by PBS+40 g/L BSA (BSA, BSA), PBS+2.67 g/L Fbn 
followed by PBS+2.67 g/L Fbn (Fbn, Fbn), and PBS+ 40 g/L BSA followed by 2.67 
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g/L Fbn (BSA, Fbn); exposed at 37 °C and sampled after 24 h. The control denotes the 
background control in the test-setup under sliding conditions (Fig. 2). The error bars 
show the standard deviation of independent triplicate disks. Significant differences are 
indicated by asterisks: * p<0.05, **p<0.01; n=3. 
 
The specimen holders, which were made of stainless steel (confirmed by energy 
dispersive X-ray spectroscopy), released all three metals to some extent. This points 
towards contamination from previous runs (involving both CoCrMo materials and 
phosphate-containing solutions) and an insufficient cleaning procedure. The cleaning 
procedure was a detergent and organic solvent-based method using ultrasound and 
several rinsing steps. The cleaning procedure was designed to remove proteins but to 
keep the surface oxide, possibly including metal contaminants, of stainless steel intact.  
The released and non-precipitated amounts of metals in PBS solutions under sliding 
conditions were significantly lower (p<0.05) than under static conditions, and even 
lower than the control sample (with the only contribution deriving from the specimen 
holder). This phenomenon may be caused by the locally increased surface pH outside 
the sliding surfaces, and consequently corrosion product deposition [36]. The reduced 
release of Co was also statistically significant in the “Fbn, Fbn” sequence under sliding 
as compared to static conditions, Fig.7a. These phenomena were probably caused by 
the formation and removal of metal-protein aggregates and wear particles from the 
contact area, as supported by an earlier found rapid decrease in friction coefficient due 
to removal of protein aggregates from the contact area in a similar test rig [28]. We 
speculate that the precipitation processes could have been accelerated under sliding 
conditions (either due to the increase of pH outside of the wear track or due to increased 
protein aggregation, or both). This is supported by the observation that the control 
included higher amounts of aqueous cobalt as compared to the solution in contact with 
the CoCrMo specimen under sliding conditions in the “PBS, PBS” solution. In the 
BSA-containing solutions, the released amount of Cr was greater than control samples 
and samples exposed under static conditions, Fig.7b. This agrees with a previous study 
[37], which showed that tribocorrosion and fretting corrosion could induce the 
formation of particles, which contain more chromium. Also, these Cr and phosphate-
enriched particles were mainly found in the synovial fluid [37]. The released amount of 
Cr in the mixed protein containing solutions, as compared to single protein solutions, 
was statistically significant higher, further discussed in the section ‘Vroman effect’. The 
released amount of Mo in the BSA-containing solutions was higher than in static 
conditions and for control samples, Fig.7c. This observation is likely explained by an 
increased metal release in the BSA-containing solutions and reduced binding of 
molybdate ions to precipitating proteins as compared to CrIII and CoII ions. It is clear 
that CrIII and CoII ions bind strongly (irreversibly) to albumin [6-9], however molybdate 
ions have also been found to bind to albumin under certain conditions, but only at 
certain potential values and in a reversible manner [25, 26]. A previous study 
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investigating the release of Co, Cr, and Mo from CoCrMo in PBS and PBS+36 g/L BSA 
at no applied potential in static and sliding conditions, after shorter time periods than 
investigated in this study, revealed a significant increase for all three metals in both 
PBS and PBS+36g/L BSA under sliding as compared to static conditions, and in the 
presence of BSA as compared to PBS alone [31]. 
The coefficient of friction during the 24 h exposures under sliding conditions is shown 
in Fig. 8.  
 
Figure 8. Changes in coefficient of friction under sliding conditions. A, B, C denotes 
different replicate measurements. Only one data set available for “BSA, BSA”. 
 
The coefficient of friction of the “Fbn, Fbn” sequence was clearly larger than for the 
other sequential exposures. The coefficient of friction of “PBS, PBS” was the smallest 
among the solutions. According to previous findings [38], the surface roughness is 
expected to decrease with the adsorption of BSA and Fbn, and the roughness after 
adsorption of Fbn should be lower than after adsorption of BSA. Similarly, a rougher 
surface for stainless steel was observed in PBS as compared to a whey protein solution 
in a previous study under sliding conditions [39]. The surface roughness is not expected 
to be the most important factor for the true contact area, but the softness of the surface 
is important, as the hardness of the softer surface is indirectly proportional to the true 
surface area [40]. It is expected that the protein layers might be softer than the 
UHMWPE counter surface and that Fbn forms a thicker layer as compared to BSA (c.f. 
Fig. 5), which hence increases the contact area and the coefficient of friction. The effect 
of BSA remains unclear from the friction measurements, since only one data set of the 
friction coefficient was available for the sequence “BSA, BSA”. The sequence “BSA, 
Fbn” was resulting in significantly lower coefficients of friction as compared to “Fbn, 
Fbn” and it is unclear whether this is caused by a thinner adsorbed layer in the mixed 
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solution [[24]] or another reason. Previous studies also highlighted the ability of protein 
layers to entrap wear particles [41, 42], which could increase the overall wear. 
3.5. Influence of metal precipitation 
In order to investigate the effect of metal precipitation for measurements under the 
sliding conditions, the mass ratios of Co, Cr, and Mo between the bottom and top part 
of collected solution samples after centrifugation was evaluated, Fig. 9. If this ratio is 
1, no precipitation is expected, as the metals would be present as ions or soluble species. 
In most cases, however, the mass ratios were above one, which means that the metals 
were enriched in the bottom of the centrifuge tube. This was more pronounced for 
protein-containing solutions than for PBS alone in the case of Co and Cr. CrIII is 
expected to bind more efficiently to proteins as compared to CoII and molybdate [10, 
43], and this is clearly indicated by the mass ratios, Fig. 9. Cr is initially more 
preferentially found in the heavier bottom part of the centrifuge tubes as compared to 
Co – especially for protein-containing solutions, Figs. 9a and 9b. In contrast, Mo is 
initially found more preferentially in the top part of the centrifuge tubes (ratio is lower 
than 1), which indicates repulsion from protein aggregates or wear particles, Fig 9c. 
This could be due to similar charge of molybdate ions, wear particles, and proteins. 
After longer exposure time, however, Mo is found more preferentially in the bottom 




Figure 9. The mass ratios of Co (a), Cr (b) and Mo (c) between the bottom and top part 
of collected solution samples (under sliding conditions) after centrifugation. The Mo 
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values that are equal to zero mean that the bottom fraction was non-detectable. The 
bottom part of the centrifuge tube contains heavier constituents (wear particles, protein 
aggregates), if present, compared to the top part of the centrifuge tube. 
 
It was clearly indicated that the experimental conditions induced metal precipitation, 
which explains why the released amounts of metals were lower under sliding conditions 
as compared to static conditions and control samples. It can hence be concluded from 
our experimental data that PBS and protein-containing solutions pose a risk to 
underestimating the release of especially Co and Cr from CoCrMo under sliding and 
static conditions. 
3.6. Vroman effect 
A previous study on stainless steel 316L in a similar test setup in static conditions 
revealed significantly increased metal release in solutions containing first BSA and then 
Fbn, as compared to single protein solutions [22]. In this study on CoCrMo, we did not 
find an increase. Although this effect could have been overshadowed by the strong 
metal precipitation in this study, we did also not detect any difference in surface oxide 
composition by means of XPS. However, in sliding conditions, there was an increase 
of released Cr in the mixed protein solution as compared to single protein solutions. 
From this study alone, no conclusion can be drawn on the Vroman effect. 
3.7. Significance, limitations, and future directions 
This work showed the influence of protein aggregation on accurate interpretations of 
metal release studies. The true released amount of metals can be underestimated due to 
protein aggregation and precipitation of protein aggregates and solidified metal species, 
especially when exploring the metal release in protein-containing solutions. 
The main limitation of this study was the experimental setup for the tests under sliding 
condition. There was a significant released amount of metals in the control solution 
samples, which was caused by contamination from the stainless steel holders. Future 
studies should focus on combining different surface analytical, electrochemical, and 
solution analytical methods to investigate and compare physical (wear), 
electrochemical and other chemical degradation processes simultaneously. Also, 





This study aimed at investigating the effect of different proteins (albumin and 
fibrinogen) on metal release from CoCrMo in static and sliding conditions. The 
following main conclusions were drawn: 
1. PBS and proteins could induce significant precipitation of metals and protein 
aggregates, which resulted in strong underestimation of released metals, especially 
under sliding conditions and for released Co and Cr. This effect was minor for 
released Mo. 
2. The released amounts of metals increased with time under static conditions, except 
for solutions containing high protein concentrations (due to increased precipitation). 
3. Cr was strongly enriched in the surface oxide of CoCrMo in all solutions, and this 
was accompanied by metal release dominated by Co. 
4. Protein aggregates were found to precipitate on the surface of CoCrMo under static 
conditions. 
5. Compared with static conditions, the amount of measurable (non-precipitated) 
released metals under sliding conditions was lower in PBS and Fbn, but higher in 
BSA-containing solutions. 
6. The friction coefficient was clearly greater in the solution containing only 
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